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Species diversity on the earth has in- 
creased through time. The fossil record 
suggests that the increase may have 
occurred in several stages, with perturba- 
tions caused by mass extinctions and 
widespread radiations. Various models for 
global taxonomic diversification have been 
proposed: equilibrium mode/s where there 
is a /ixed number of species that the earth 
can support at any Lime; and non- 
equilibrium models of two hinds, in which 
either an equilibrium level exists, but is 
never reached, or in which there is no 
equilibrium number at all. At present, all 
three models can explain the data, 
although the equilibrium mode/s have 
been heavily criticized. Detailed reassess- 
ments of the fossil record may indicate 
which models are more probably correct. 

The History of the Biosphere: 
Equilibrium an-d Non-equilibrium 

Models of Global Diversity 

Two of the largest questions fac- 
ing biologists and palaeontologists 
are: how many species are there 
living today, and how many have 
there been altogether during the 
whole of the history of life? There 
are no simple answers to these 
questions, but several current lines 
of research point towards ways in 
which estimates can be made of 
total global diversity and its 
changes during the many millions 
of years of life on earth. First, we 
must attempt to assess the present 
diversity of life, and then try to 
work backwards in time. 

The total number of living species 
Present estimates of the number 

of living species of plants and 
animals are remarkably varied, 
ranging from I .5 to 30 million’. This 
order of uncertainty may seem in- 
explicable at first. An examination 
of the published taxonomic litera- 
ture yields a total of over one mil- 
lion described species. New spe- 
cies are being found and described 
all the time, and the rate of discov- 
ery could be used to give a general 
estimate of the actual total number 
of living species. 

For example, we know that there 
are about 8700 species of living 
birds, and about 4060 species of 
living mammals. New forms are dis- 
covered at a relatively low rate. 
Diamond2 has estimated that 134 
new species of birds have been 
found since 1934, but only nine new 

Michael Benton is at the Department of Ceo- 
logy, The Queen’s University of Belfast, Belfast 
BT7 INN, UK. 

Michael J. Benton 

genera. The rate of discovery has 
fallen since the early years of the 
20th century, to give an average 
rate of about three new species per 
year since 1941. Most of the new 
species have come from the neo- 
tropics and Africa, and there have 
been bursts of discoveries when 
new areas have been explored by 
biologists. 

For mammals, Diamond* found 
that 134 new genera had been de- 
scribed since 1900, but the rate of 
discovery has fallen to about one 
genus per annum since 1940. Again, 
most of the new forms are neo- 
tropical or African, with fairly high 
numbers from the orient and from 
New Guinea. The present modest 
rates of discovery of new species of 
birds and mammals would seem to 
suggest that we can expect in- 
creases of less than 5% on the total 
numbers quoted above. Tradition- 
ally, then, biologists have increased 
the known total number of species 
(- one million) by only modest 
amounts to give an overall figure of 
1.5-3.0 million. 

However, new studies by Erwin3 
on the present diversity of tropical 
insects suggests a marked upwards 
shift in these estimates. insects are 

the most diverse group of multi- 
cellular organisms, and they make 
up most of the present total of one 
million described species. Tropical 
insects make up the largest part of 
this group, so Erwin attempted to 
estimate their total numbers more 
accurately. He generated an insec- 
ticidal fog in the canopy of specific 
trees in Panama over several sea- 
sons, and counted the numbers 
of species of arthropods, and of 
beetles (the largest group) in par- 
ticular, that were knocked down. 
One species of tree, Luehea seeman- 
nii, yielded I IO0 species of canopy- 
dwelling beetles. Erwin estimated 
that 160 of these beetles were 
‘host-specific’, and that the remain- 
ing 940 species could live on at 
least one other type of tree. 

Erwin then argued that each trop- 
ical tree species supports, on aver- 
age, 160 unique beetle species, 
and 400 unique arthropod species 
(beetles make up about 40% of all 
known arthropod species). Next, he 
argued that this canopy fauna is at 
least twice as diverse as the forest- 
floor fauna, which would give a total 
arthropod diversity of 600 species 
associated with each tree species. 
There are an estimated 50 000 
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Fig. I. The total diversity of families of benthic marine invertebrates over the past 600 million years. 
There are two models: (a) the ‘empirical model’, in which the data from the fossil record are plotted 
directly; and (b) the ‘bias simulation model’, in which ‘corrections’ are made for the supposedly very 
poor fossil record of the more ancient rocks. (Aflu Refs 7 and 9.1 
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Fig. 2. Trends in total marine diversity through time for 
different taxonomic categories. Note that the present- 
day total number of orders was established early on, 
whereas numbers of genera and species seem to have 
risen steeply only in the past 50-100 million years. The 
data for genera and species are estimated in various 
ways. (Based on several sources, after Ref. 14.) 

species of tropical trees, which 
would give an ultimate total of 30 
million living species of arthropods 
in the tropics, and that is only a part 
(albeit a large one) of the total 
present-day diversity of life. 

Erwin’s argument rests on a num- 
ber of broad assumptions, as May’ 
has noted. The estimate that 40% of 
arthropods are beetles is based on 
present knowledge, but this pro- 
portion could be much higher if 
virtually all arthropods are canopy- 
dwelling beetles. The estimates of 
‘host-specificity’ are also tenuous. 
Nevertheless, May’ argues that 
Erwin’s estimate is of the correct 
order of magnitude, even if the final 
total figure is scaled down to, say, 
ten million. 

The total number of extinct species 
Since there is so little certainty in 

our estimates of total present-day 
species diversity, it might seem 
futile to proceed to estimate the 
total number of species that have 
ever lived. Nevertheless, estimates 
have been made. Teichert* tried 
to take account of the relative 
preservability of different plant and 
animal groups (many soft-bodied 
forms are most unlikely ever to be 
preserved). He arrived at a total of 
569000 living species that would 
be potentially ‘preservable’ as fos- 
sils, and extrapolated this to reach 
a figure of ten million discoverable 
fossil species. 

Newell5 used the idea of rates of 
discovery of new species of fossils 
in order to reach his estimate. He 
noted that, for many groups, the 
rate of description of new species 
was increasing all the time, and this 
led him to a tentative estimate that 
‘the known [fossil1 record may rep- 
resent not more than one per cent 
of the potentially knowable record’, 
thus implying a total number of 
more than 50 million fossil organ- 
isms. 

Valentine6 surveyed the evi- 
dence on marine invertebrates, and 
he proposed a total of up to 5-6 
million species since the origin of 
life. He also gave an overall maxi- 
mum estimate for the total diver- 
sity of all of life, on land and in the 
sea, living and extinct, of less than 
IO0 million species. 

These kinds of estimate are sub- 
ject to a large number of sources of 
error, and palaeobiologists have 
therefore shifted their focus recent- 
ly to more tractable questions. For 
two practical reasons, it is believed 
that diversity estimates improve at 
higher taxonomic ranks - in other 
words, it is assumed that estimates 
of the diversity of families, orders 
or classes ate better than estimates 
for species. This is firstly because 
there are fewer families and orders 
than there are species and, even if 
the fossil record is as much as 90% 
incomplete, a higher proportion of 
families and orders will be known. 
Thus, if there have been 100 million 
species, we might ultimately find 
only IO million (10%). But, 100 mil- 
lion species could represent 20 mil- 
lion genera, 5 million families, I 
million orders, and so on. At 10% 
completeness for species, one 
might hope to find 30% of genera, 

40% of families, 60% of orders and 
70% of classes. These very crude 
estimates are confirmed by the 
studies cited earlier for the rates of 
discovery of new birds and mam- 
mals: I 34 new species of birds have 
been discovered since 1934, but 
only nine new genera2. 

The second reason that palaeo- 
biologists have focused on higher 
taxa is to do with the accuracy of 
geological dating. It is generally 
assumed that the family category is 
the best compromise since family 
durations tend to exceed the order 
of magnitude of error in absolute 
geological ages (typically +- 2-10 
million years). Species and generic 
durations would tend to be ‘lost’ in 
these errors, 

The history of global diversity 
The first attempt to plot total 

diversity through time, by Valen- 
tine’, showed a low initial level at 
the beginning of the Phanerozoic 
(‘abundant life’, from 600 million 
years ago to the present); this rose 
rapidly, plunged at the Permo- 
Triassic boundary (245 million 
years ago) and then rose steadily to 
the present day (Fig. la). He argued 
that the pattern was generally ac- 
curate and that it reflected changes 
in the physical environment, espec- 
ially continental drift. For example, 
the massive drop in diversity at 
the PermoeTriassic boundary was 
ascribed to the coalescence of con- 
tinents, and continental shelf seas, 
into a single super-continent at that 
time, and the concomitant decline 
in habitat diversitya. 

Raup9 criticized the empirical 
model of Valentine, and others, and 
suggested that much of the pat- 
tern was produced by systematic 
sources of error. Various unavoid- 
able physical factors, such as the 
volume of sedimentary rock and 
the area of exposed sedimentary 
rock, can determine our knowledge 
of the fossils of a particular age. 
These errors generally become 
worse in older rocks. There are also 
the avoidable human sources of 
error. Palaeontologists devote 
more time and attention to more 
recent fossils, and measurable 
‘Palaeontologist Interest Units’ can 
be assigned to each geological age. 
These Units decline as one goes 
back in time. Raup9 presented an 
alternative model of diversity 
change through time that attemp- 
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dependence of the rates of origina- 
tion and extinction within each evo- 
lutionary fauna, but argue that the 
system is kept away from reaching 
an equilibrium level by evolution- 
ary innovations and mass extinc- 
tions. Their model matches the 
empirical data, but it retains the 
diversity-dependent assumption. 

This assumption of diversity 
dependence of speciation and 
extinction rates has been ques- 
tioned*3,*5J9JO. For example, Wal- 
ker and Valentines0 argued that a 
diversity-dependent model for 
speciation assumes that there is a 
fixed number of available niches, 
and that new species generally 
arise by displacing pre-existing 
species. They suggest that there is 
no evidence for either assumption, 
and they point to the ability of 
species, and higher taxa, to invade 
empty adaptive zones, and to in- 
crease overall species numbers on 
a global scale. 

Hoffman3’f3* has developed a 
non-equilibrium, non-diversity 
dependent ‘neutral model’ for total 
global diversification. He assumes 
that both origination and extinction 
rates are independent of total di- 
versity and of each other, and he 
models each as a random walk. The 
only assumptions are that, over the 
entire Phanerozoic, the average 
probability of speciation exceeds 
the average probability of extinc- 
tion, and that the system was per- 
turbed by one major radiation 
event (at the end of the Cambrian) 
and one major mass extinction 
event (at the end of the Permian). 
A number of computer simulations 
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Fig. 5. Simulations of the diversification of marine 
animal families according to the neutral, non- 
equilibrium model. Four simulations are shown, and 
they appear to match the empirical pattern (solid line) 
scaled on the right-hand side. Time is divided into 50 
equal steps, and the simulations proceed at random, 
except for two perturbations: a major radiation event 
early on, and a major mass extinction event about 
half-way through. IAver Ref. 32.1 

of this quasi-stochastic double 
random walk model gave graphs 
(Fig. 5) that matched the empirical 
patterns just as well as the equi- 
librium model of Sepkoski@-2i and 
the non-equilibrium, diversity- 
dependent model of Kitchell and 
Carr28. 

Conclusion 
There are, no doubt, parallels in 

this controversy over equilibrium 
theory and diversity dependence 
between palaeobiology and com- 
munity ecology25~33~34. It seems to 
be clear that there are too many 
theoretical difficulties in the simple 
scaling up of island biogeographi- 
cal theory from the ecological to the 
macroevolutionary leve125, and that 
a sounder theoretical base is 
needed in support of equilibrium 
models of global diversification. 

However, the non-equilibrium 
models can also only be said to fit 
the empirical data, as far as we can 
tell. The notion of an ultimate, but 
unattainable, equilibrium number 
of species on the global scale is 
clearly of great significance*8 but 
hard to test. The search for an en- 
tirely stochastic model to explain 
the pattern of biotic diversification 
is subject to the same problems as 
are similar null models in ecology35. 
It is hard to exclude all biological 
factors, and many so-called ‘null 
models’ have turned out to be 
biased in one way or another. 
Furthermore, if the data fit a null 
stochastic model, the deterministic 
models are not thereby disproved. 
In the present case, there are argu- 
ments about the nature and rate of 
speciation, the interdependence of 
global speciation and extinction 
rates, and the randomness, or 
otherwise, of peaks and troughs in 
these rates, that will point to the 
correct model. 

The problems in palaeobiology 
are further outlined by Hoffman3’: 
‘Given the notorious limitations of 
the fossil record, the null model 
may in fact be too null to be re- 
jected, at least at the present state 
of knowledge. For it is beyond the 
resolution potential of paleonto- 
logy to provide a good estimate of 
global diversification at the species 
level and at a time scale of no more 
than about one million years, which 
would be necessary to test the 
model rigorously.’ 
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